ABSTRACT The carrier tracking loop in a GPS receiver is considered to be an important process but also a weak link since the loss of signal lock can occur in a variety of situations. Low carrier-to-noise ratios and highly dynamic environments are common scenarios for a vehicular communication channel when random phase fluctuations in a dynamic environment are common. We propose a novel and robust carrier tracking approach by dynamically integrating an adaptive unscented Kalman filter assisted by a third-order phase lock loop in order to improve the robustness of tracking capability and accuracy in dense and dynamic environments. Experiments are conducted to investigate the tracking performance of the proposed carrier tracking approach and compare it with existing algorithms for generic GPS receiver. Results indicate that the proposed approach has a better performance in tracking capability and tracking accuracy in highly dynamic environments, and the proposed method achieves a better performance on vehicular communication channels.
I. INTRODUCTION
In vehicle-to-vehicle (V2V) communication, consistent and continuous vehicular positioning and continuous tracking of GPS seconds (timing) for synchronization between vehicles or infrastructure in a vehicular network under any circumstance is required to avoid collisions and provide navigation services, particularly for autonomous or semiautonomous vehicles operating under harsh and highly dynamic environments. The GPS is a fully operated satellitebased system that can provide position, velocity and time. However, the availability of the GPS service is highly dependent on the carrier signal successfully locking. A third-order phase lock loop (PLL) is the recommended carrier lock loop because of its superior noise rejection and lower steadystate error, however the performance of a conventional thirdorder PLL is restricted by the tracking bandwidth and its phase discriminating capability [1] . Furthermore, the trade off between tracking bandwidth and tracking accuracy cannot be neglected. On a vehicular communication channel, greater tracking bandwidth is required in order to maintain the lock in harsh environments due to Doppler shift, however greater tracking bandwidth can increase the noise level in the tracking loop.
Due to the aforementioned requirement, aided carrier tracking approaches have been proposed such as the implementation of a Kalman filter (KF), extended Kalman filter (EKF) or unscented Kalman filter (UKF)-based carrier tracking loops in order to improve the carrier phase tracking ability [2] - [6] . An analysis of the performance of a Kalman filter-based carrier tracking loops in [7] indicates that all of these Kalman filter-based carrier tracking schemes are restricted by prior knowledge that may not match with nextgeneration vehicular communication channels, which is very dynamic and varying with within the urban and rural region. Furthermore, some prior information is rarely predefined and these mismatches could cause a degradation of tracking performance. Thus, an adaptive KF that could recursively estimate the noise covariance has been proposed in order to mitigate the prior information matching challenge [8] . However, the adaptive KF based scheme is restricted by its linear model. The adaptive EKF based scheme improved on this by eliminating the need for the linear model, but its Jacobian matrix carries a large computational cost. The adaptive UKF-based scheme, which uses the unscented transform to linearize a nonlinear model, is more efficient and accurate compared to the adaptive EKF. However, as a quasi open loop, the adaptive UKF-based carrier tracking loop has a higher noise level compare to a closed loop.
Therefore, we propose a novel and robust carrier tracking method by dynamically integrating an adaptive UKF and third-order PLL using a decentralized information sharing technique. The two tracking loops work independently and cooperatively since the adaptive UKF and third-order PLL can each track the carrier signal individually. Tracking results from each loop are integrated by calculated weights in order to obtain a final optimal tracking result.
Field experiments on University premises were conducted for the case of a highly dense and dynamic channel comprising multipath signals in an urban environment. A Universal Software Radio Peripheral (USRP) used for the collection of GPS L1 band which is post-processed using in-home GPS software receiver. The tracking performance is mainly compared against adaptive KF based phase lock loop [2] which is widely use in generic GPS receivers. with different tracking bandwidths.
The remainder of this paper is organized as follows: section II reviews the GPS L1 band signal structure and unscented Kalman filter and then elaborates on the proposed tracking algorithm and implementation. Section III introduces the experiment and analyses the results. The conclusion is presented in Section IV.
II. CARRIER TRACKING ALGORITHM AND IMPLEMENTATION
A generic incoming GPS signal u i (t) can be expressed in the time domain as
where A is the signal amplitude, D(t) is the navigation data bit, C(t) is the spreading C/A code, τ is the code delay of the received signal, ω c is the incoming carrier frequency, ω d is Doppler frequency shift, φ i is the carrier phase in radians and n(t) is the noise. The aim of the carrier tracking loop is to continuously lock carrier parameters, such as the frequency and phase of the incoming signal, in order to retrieve the navigation data frame, GPS timing and estimation of the precise range between satellite and receiver for positioning. The proposed carrier tracking approach is discussed in the following section.
A. UNSCENTED TRANSFORM
For a nonlinear function, it is intuitively easier to approximate its distribution rather than its arbitrary nonlinear function [9] . The unscented transform (UT) uses the calculated mean and variance of a random variable to propagate through a nonlinear function [10] which is the conventional case for receiving random phase fluctuations in the carrier tracking loop. In order to have a transformation as in Fig.1 , sigma points which are selected via the mean and variance capture the high order information of the distribution as expressed in the solid circle. Through the nonlinear propagation the accuracy of the approximation can achieve up to the 2 nd order (Taylor series expansion) of nonlinearity as expressed in the dash circle [11] . A random variable x with L dimensions has mean x and covariance P x presented as (2).
A matrix X with L dimensions needs 2L+1 sigma vectors X i to form its distribution, which are:
where λ is a scaling parameter and can be obtained by λ = α 2 (L + κ) − L, α decides the spread of the sigma points aroundx and is usually a small positive value (0.001) and κ is another scaling parameter that is normally set to zero [12] . After Propagating the sigma vectors X i through the nonlinear function f (x) we obtain
The mean and covariance of the transformed output y i can be obtained by a weighted mean and covariance as (5) [11] :
The above weights can be calculated using (6) [11]
where β is equal to 2 [11] and we consider our model to have a Gaussian distribution as studied in [13] . VOLUME 6, 2018
B. ADAPTIVE UNSCENTED KALMAN FILTER AND IMPLEMENTATION
The unscented Kalman filter is based on an expansion of the unscented transform. In the carrier tracking loop, the unscented Kalman filter can track the carrier signal phase directly instead of the phase error [6] .
The incoming carrier signal phase can be represented as (8a) and the state model in matrix form can be represented as (8a,8b). The state matrix x has four vectors which
, φ e is the carrier phase, ω d represents the Doppler frequency, ω a and ω j are the first and second order of the Doppler frequency change rate. A is the state transition matrix in 8c, t is the time interval, ω NCO is the phase shift of the numerical oscillator, W t represents the processing noise with zero mean and its covariance is denoted as Q, W t ∼ (0, Q). The collected signals using a universal software radio peripheral (USRP) are the I and Q samples after low pass filtering (the block called integration and dump) presented as (9):
Directly using I p and Q p as the measurement matrix vector can cause polarity reversal, thus in order to avoid polarity reversal of the navigation data, I p and Q p need to treated as
where is the phase of carrier signal. The normalized amplitude can be obtained through (11)
where n is the coherent integration time. Finally, the measurement matrix z can be represented as
where the measurement noise, V t ∼ (0, R), has zero mean and covariance R. Starting from the estimated mean value of the state matrix E(x t−1 ) and the variance matrix P t−1 at time t − 1, 9 sigma points (i = 1, ..., 9) are selected using (3) (12) . The weighted mean output value with respect to state and measurement models can be calculated as (13.3) and (14.2) . These values are used to obtain the covariance matrix Pȳȳ and Pxȳ, which are the covariance of the measurement function approximation and the covariance of the state and measurement function approximation. Prediction stage and measurement stage are presented as (13) and (14) .
Prediction stage:
Measurement stage:
wherex t|t is the state matrix which contains optimal mean vectors of the carrier signal parameters at time t and these mean vectors can be used to select sigma points for t + 1 time estimation. However, in GPS signal carrier tracking, the processing noise covariance is rarely predefined especially under highly dynamic environments. The unscented Kalman filter will suffer performance degradation if the prior information is mismatched with the real system. Therefore, in our application, due to the linear processing model, the processing noise covariance Q could be recursively updated using the covariance matching method [14] .
In the measurement update process, the covariance of the innovation sequence ξ t , has proved to be independent of time and is approximated from its sampled covariance [15] , as given by (14a-c).
where k represents a delay of length k from t and N is the number of samples. In the state processing model, the processing noise w t can be represented as (16)
The Kalman filter estimation equation (13.11) can be rewritten as (17)
In our application, x t and x t−1 are represented by their mean values,x t andx t−1 . Therefore, combining (16) and (17)
To estimate the innovation sequence covariance, the processing noise covariance can be obtained as
In a time-invariant system with a high sampling frequency, variation within successive epoch is very small, therefore the successive variation of the Kalman gain element is small enough, thus
1) DECENTRALIZED INFORMATION SHARING TECHNIQUE
Benefiting from the strong capability of the nonlinear model's tolerance, the unscented Kalman filter could replace the phase discriminator and loop filter to directly track the carrier signal phase. However, as a quasi open loop, an AUKF-based carrier tracking loop could have a higher noise level compared to a closed loop. Therefore, in order to mitigate the noise level in an AUKF-based carrier tracking loop, we implement a conventional third-order phase lock loop using the decentralized information sharing technique. The decentralized information sharing technique is widely used in data fusion applications. The information sharing factor can be obtained by the eigenvalues and eigenvectors of the covariance matrix from each subsystem [16] .
In our approach, the adaptive unscented Kalman filter and third-order PLL are considered as two independent subsystems. The covariance matrix P AUKF can be obtained directly from AUKF processing and a standard Kalman filter needs to be implemented to estimate the processing covariance P PLL of the third-order PLL. The covariance matrix of the i th subsystem can be decomposed as
where i = diag {λ i1 , λ i2 , ...., λ in }, λ i1 ....λ in is the eigenvalue of P i . In order to avoid negative values of λ, , the eigenvector of P, can be replaced by P T i P i therefore P
where i = diag λ 2 i1 , λ 2 i2 , ...., λ 2 in . The information sharing factor β i can be expressed as
where N is the number of subsystems and j = 1, 2, 3, ..., N . A greater value of β i relates to a more stable estimated subsystem that will take more weight on information sharing and have a larger impact on the entire system. The integrated carrier tracking scheme in Fig.2 demonstrated two subsystems. The adaptive unscented Kalman filter algorithm that recursively estimates the processing noise covariance can track the incoming carrier signal in parallel with a third-order PLL and integrate the results using the information sharing factors. The performance will be discussed in detail in the following section. 
III. EXPERIMENT RESULTS AND ANALYSIS
As previously mentioned, a study in [2] has compared the performance between a KF-based phase lock loop and conventional phase lock loop. Several advantages have been discussed, however the comparison is simulation-based and the noise covariance is predefined. In this section we conduct a field experiment in order to compare and analyze the tracking results from the adaptive Kalman filter-based PLL and the proposed dynamic integration tracking scheme. 
A. EXPERIMENT LOCATION AND SETUP
The experiment is illustrated in Fig.3 and Fig.4 conducted at the Devonshire Building car park, Newcastle University, UK since the location is surrounded by buildings and the open park area is convenient for maneuvering a trolley. The experiment was undertaken for 3 consecutive days. A USRP (2 nd component in the figure) and a Leica AX1203+ GNSS antenna (1 st component in the figure) works as a front-end, the received center frequency is 1575.42 MHz corresponding to the L1 band. The RF signal is down-converted to a baseband signal by the USRP and is then sampled at 5MHz. The recorded data type is a 16 bit integer, which is the only option available from the USRP. However, 16-bit data types are not suitable due to the high volume of data received so we have converted the data into 8-bit integers. The baseband signal is then up-converted to an IF band at 2.5 MHz without any loss of signal characteristic and up-sampled at rate of 10 MHz. As an active GNSS antenna, Leica AX1203+ needs to be powered by a PP3 battery through a bias tee (5 th and 6 th component in the figure) . A precise atomic clock Symmetricom CSAC SA.45s (3 rd component in the figure) is used to provide a 10 MHz external clock source since the USRP uses a generic (TXCO) oscillator [17] and is not suitable for a highly dynamic environment. In order to simulate a nonstationary environment, all devices are powered by two 12V batteries (7 th component in figure) . As mentioned before, the performance of the tracking loop is limited by the tracking bandwidth, since greater tracking bandwidth can degrade the performance. Therefore, the experiment requires two tracking bandwidths to be set for performance comparison.
B. RESULTS AND DISCUSSION
Starting from a modified serial searching acquisition approach [18] , the tracking bandwidth is set to 12 Hz, which is a relatively large bandwidth for a third-order PLL. As can be seen in Fig.5 , both tracking approaches can lock the carrier signal successfully in general, but it can also be seen that the proposed method outperforms the AKF-based approach overall. Due to the binary phase shift keying (BPSK) modulation used in GPS signals, the demodulated constellation map of the I and Q components are presented as Fig.6 . In an ideal constellation map of BPSK, all the points have a constant value in the I component and 0 value in the Q component. In Fig.6 , all approaches can successfully demodulate both the I and Q components, however the Q component in the proposed method has a smaller variation compared to the AKF based PLL, which means the noise level from the proposed method is lower than the AKF based PLL. This can also be proved in Fig.7 , where the output of the phase discriminator from the proposed approach is smaller than the AKF-based PLL. The phase variances from these two approaches are presented as Fig.8 . The phase variance from the AKF-based PLL approach is on average 1.5 however the phase variance of the proposed AUKF dynamically integrated 3 rd order PLL method has an average less than 1. Within the proposed carrier tracking approach, the sharing factor decides the sharing weight between the adaptive unscented Kalman filter and the third order PLL. The sum of all sharing factors β is equal to 1 as mentioned previously. As Fig.9 demonstrated, at the very beginning the sharing factor from the third order PLL β 1 is very high and the third order PLL dominates the entire loop because the adaptive unscented Kalman filter needs to recursively estimate the covariance and reach a steady state. Then the sharing factor of the AUKF-based subsystem β 2 increases dramatically and starts to dominate the carrier tracking loop. Once the noise level reduces to a relevant level, β 2 tends to decrease and the tracking loop will be handed over to the third-order PLL. Carrier-to-noise ratio (C/N o ) is an important parameter for describing GPS receiver performance, where a higher C/N o indicates a better phase estimation and location determination. The C/N o estimation in this experiment uses the Narrowband-Wideband power ratio method [19] . Comparing (C/N o ) within these two methods, the proposed method shows an improvement of 1.5 dB at the beginning, and 1 dB on average. The proposed approach does not show a significant improvement due of the relatively low tracking bandwidth.
The tracking bandwidth was increased to 13 Hz in order to increase the tracking range and improve the dynamic tracking capability. As Fig.11 presented, the AKF-based PLL has difficulty in locking the incoming signal phase and eventually loses the lock, yet the proposed adaptive unscented Kalman filter dynamically integrated third-order PLL can still retain the lock. As Fig.12 demonstrates, the constellation map for the AKF-based PLL struggles to distinguish the I and Q components because of the high noise level, however, the proposed tracking approach can still distinguish I and Q components clearly.
The output of the phase discriminator and phase variance are presented in Fig.13 and Fig.14 respectively. Under a larger tracking bandwidth, the AKF based PLL contains a relatively higher noise level, the high noise level from the output of the phase discriminator makes the AKF-based PLL carrier tracking loop unstable. However, the proposed approach has significantly better performance compared to the AKF-based PLL approach because of the dynamic integration structure. The information sharing factors are present in Fig.15 .
Comparing Fig.15 to Fig.9 , the overalltrends are similar, which proves the third-order PLL is more sensitive in this integrated system. However, the AUKF-based tracking loop is more robust and this explains why β 2 dominates the integrated system at most times. Furthermore, it is clear to see that the sharing factor in the AUKF-based tracking loop β 2 has a decreasing trend for both 12 Hz and 13 Hz tracking bandwidths, but the decreasing rate of β 2 under 13 Hz is lower than 12 Hz, which means under a greater tracking bandwidth or higher noise level scenario, the AUKF tracking loop needs a longer time to process in order to track Doppler shift parameters and reduce the noise level.
Unlike 12 Hz, under a 13 Hz tracking bandwidth the proposed approach has a significant improvement compared to the AKF-based PLL, C/N o has been improved 6 dB on average as Fig.16 illustrates. Comparing Fig.16 to Fig.10 , C/N o from the AKF based PLL has dropped by up to 7 dB due to the increased tracking bandwidth, however this does not affect the proposed approach significantly. The proposed approach exhibits a strong capability to maintain the C/N o . As shown in Fig.17 , the navigation message from the AKF-based PLL contains a higher level of noise and eventually loses the lock as in Fig.11 . In contrast, the proposed approach can still demodulate the navigation message successfully.
IV. CONCLUSION
A novel GPS carrier tracking model using dynamic integration from an adaptive unscented Kalman filter and third-order phase lock loop has been presented in this paper. Experimental results show that the proposed approach can improve the carrier tracking capability. The carrier tracking trade-off issue between tracking bandwidth and accuracy has been tackled using the proposed approach and the field test confirms it can achieve a greater tracking range and still maintain high accuracy. Comparison results indicate that the proposed approach is more stable and robust with respect to phase variance and phase discriminator output. Phase variance comparison results show that the proposed approach has a better steadystate response. Moreover, the phase discriminator output comparison results indicate that the proposed approach has a better noise rejection ability. This can also be proved in the C/N o comparison.
In vehicular communication, greater tracking bandwidth is essential for the GPS carrier tracking loop since highly dynamic environments are a common occurrence. A greater tracking range and noise-tolerant carrier tracking loop is required for the emerging vehicular communication market. Benefiting from the proposed tracking approach, GPS receivers will be able to fulfill the highly dynamic requirements and retain continuous and consistent positioning results.
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